To recognize digital streams of digital data, all-optical and passive techniques able to discriminate optical bit words in real time are presented. Discrimination capability of different correlators, both in free space architectures and in delay lines structures, is theoretically and experimentally analyzed. Experimental performances in word recognition are shown in the case of a volume holographic correlator, in the case of a lithographic phase-only-filter correlator, and in the case of a novel coherent delay lines correlator operating at the wavelength 1550 nm and at the bit rate of 2.5 Gbit͞s.
Introduction
Information processing of optical digital time-coded information is currently realized by optoelectronics and therefore relies on very high-speed devices in the case of high transmission bit rate ͑higher than 2.5 Gbit͞s͒. To avoid an explosion in complexity and costs of the implemented electronic devices research is stimulated to explore the capabilities of photonics, not only in signal transmission, but also in the signalprocessing field. Implementation of all-optical techniques transparent with respect to the optical nature of the signal appears to be very attractive. 1 An efficient all-optical recognition device is required to be passive, asynchronous, and to operate in real time. Moreover, the recognition result in output has to be an optical signal too, typically a correlation signal, to allow the cascadability of further all-optical processing devices.
This paper is intended to present the analysis of real-time all-optical techniques useful for the recognition of temporal bit sequences at the wavelength and bit rate typical of optical communications. The optical word to be recognized can constitute, for example, in the case of telecommunication applications the asynchronous transfer mode packet header, the data flag advising the cell beginning, or the overhead data identifying the wavelength division multiplexing channel.
At first a comprehensive study regarding freespace correlators is presented. The massive parallelism inherent in optics enables us to process simultaneously high data density in a passive way and in real time. VanderLugt ͑VL͒ correlator performances are taken into account, not in the case of classical applications to two-dimensional complex image recognition, but in exploiting the capability to discriminate binary words. Discrimination performances in the case of different optical coding for an input n-bit word-intensity modulation ͑IM͒ or phase modulation ͑PM͒-and for the filter in the Fourier plane-matched filter ͑MF͒ or phase-only filter ͑POF͒-are analyzed by simulation and experimentation. The MF correlator is implemented by volume holography in a LiNbO 3 crystal. Moreover, POF performances are determined by means of a liquid-crystal spatial light modulator ͑SLM͒ and by using a phase mask achieved by electron beam lithography in poly͑methyl methacrylate͒ ͑PMMA͒.
Hence waveguiding correlators are studied by analyzing delay line optical solutions. Incoherent and coherent operations are taken into account and what is to our knowledge a novel coherent correlator is designed and achieved by means of fiber delay lines. Experimental results demonstrate the capacity to recognize in real time a word inside a pseudorandom binary sequence continuous stream of data bits at the typical bit rate of optical communications.
Experimental impairments related to the achieved devices are discussed in the conclusion, as is a con-sideration of future integrated optics implementations.
Optical Word Recognition by Means of Free-Space Correlators
Since the 60s optics has been proposed for image recognition by means of 4f VanderLugt correlator 2 and joint transform correlator 3 implementations. The use of these correlators is mainly related to the recognition of objects in complex images ͑for example, recognition of an object or a set of objects if magnified, shifted, rotated, or surrounded by noise͒.
For applications in the field of optical communications, our attention has to be focused on the recognition of digital words: this subject is rarely studied in the literature. 4 To recognize digital words that can be different by one bit only, the most significant parameter of the recognition performances is the discrimination capability D, 5 defined as
where ͉a 0 ͉ 2 is the autocorrelation intensity ͑i.e., the output intensity of the correlator in the presence of the target word to be recognized in the input͒ and ͉c 0 j ͉ 2 is the cross-correlation intensity ͑i.e., the output optical intensity of the correlator in the presence of input words that are different from the target͒. Usually, in the case of image correlations, other parameters, such as Horner efficiency 6 and peak-tosidelobe ratio 6 are well known. These parameters are a good performance index for analog signals, but are less significant with respect to the discrimination of digital words.
For applications in the field of telecommunications, recognition in real time is required, so in our analyses just the VL configuration is taken into account ͑the joint transform correlator exploits a nonlinear device͒. In particular we study the capability to recognize a digital word of N-bit by analyzing two different VL optical filters: the MF and the POF. Also, input signal coding is considered: binary IM and PMs are examined. The bits in IM and PM are obtained by assigning the values into ͑0, 1͒ and ͑0, ͒ levels, respectively. In the following the four cases' performances are reported, in particular for N ϭ 8 ͑recognition of an 8-bit word inside a set of a total of 2 8 ϭ 256 digital words͒.
IM Signal Coding and Matched
Filter ͑IM-MF͒. The discrimination capability D is zero for every word except the word with every bit equal to "1" ͑for N ϭ 8, the word corresponds to 255 in decimal notation͒. No recognition is achieved for target words containing "0". In fact, the cross correlation of the words with any 1 in the same spatial position of the target word 0 is equal to the autocorrelation value, and no intensity normalization is possible passively in optics. If N is the target word bit number to be recognized, just for the word with every bit "1" the discrimination D is:
For N ϭ 8, D ϭ 0.4375.
PM Signal Coding and Matched
Filter ͑PM-MF͒. It is possible to discriminate a word from all the others, but not from its own complement ͑i.e., the digital pattern with a phase value instead of 0 and vice versa͒. As the input power is constant, for all the 2 N ͞2 words the discrimination D remains: From the results obtained by our simulations, it is possible to conclude that IM-coded words can be recognized only among a word subset obtained by limiting the possible input words under test. Better performances are achievable by means of PM instead.
Free-Space Correlator Experimentation
To experimentally demonstrate the recognition performances shown in Section 2, in this section we show the operation of different optical correlator prototypes achieved in 4f VL configuration useful for digital word recognition.
The physical implementation of the MF is experimentally difficult because a complex modification of the wave front is required. Two filters ͑one for amplitude and another one for phase modification͒ are necessary. An easy way to implement a MF is by means of a holographic technique. 4 In fact, holography enables us to optically record in a thick material a photorefractive grating performing as the matched filter with respect to the image used in its recording. A holographic MF has the advantage of not being affected by alignment error and aberration compensation. Moreover, the photorefractive medium thickness can be exploited to superimpose many different holograms inside the same volume: hence the recognition of not only a single word, but also of a whole set of digital information can be performed passively and in real time. Unfortunately, for applications in the field of optical communications networks, there is a total shortage of photorefractive materials known for good holographic sensitivity in the near infrared spectrum, 7 i.e., at the wavelengths typical of optical communications at approximately 1550 nm. Standard photorefractive materials demonstrate optical sensitivity peaks in the visible spectral range, so it is presently very hard to record holograms directly at the optical communication wavelengths. However, the so-called two-lambda method 8 offers the opportunity to record holograms in standard photorefractive materials by means of light at maximum sensitivity wavelengths and to read such MF holograms at near infrared wavelengths by changing the readout conditions in terms of input direction. In the following the operation of a MF implemented through volume holography in a LiNbO 3 crystal is shown.
The achievement of a POF performing a desired spatial phase modulation is experimentally very critical owing to the required accurate control in shape and thickness of the phase profile. Usually POFs are implemented by use of liquid-crystal SLMs, but they present a very low diffraction efficiency and resolution less than tens of micrometers. For our experimentation, the POF correlator is instead implemented by employing a PMMA profile mask. Its operation at 1550 nm is presented. 
A. Volume Holographic Optical Correlator
The volume holographic optical correlator shown in Fig. 3 has experimentally demonstrated the theoretical behavior of the MF described in Section 2. The 488 nm argon laser emission is split into reference and signal beams entering the holographic medium by a 90°geometry. This geometry enables good angular selectivity 9 to store many holograms by exploiting the thickness of the holographic medium ͑0.01% Fe-doped LiNbO 3 , 22 mm in thickness͒. The signal beam illuminates a 480 ϫ 440 pixel liquid-crystal SLM used to design the input 8-bit digital word to be recorded or to be recognized. Polarizers in the SLM have been removed to achieve the suitable phase shift, which is controlled by the applied voltage controlled by a computer. By using the analyzer after the SLM it is possible to obtain the spatial digital IM-coded word in input to the crystal. By means of a quarter-wave plate behind the analyzer in the signal arm the PM-coded word is achieved.
At first a single hologram corresponding to an 8-bit word is recorded in the medium. Hence all the 256 possible digital 8-bit words are compared with the stored byte by placing them at the system input ͑i.e., designing them by the use of SLM͒ and detecting the diffracted output. Different experimentation for numerous optical bytes has been executed in the case of IM and PM coding. We report two examples from our experiments of operation ͑IM-MF and PM-MF͒ of the holographic correlator, in which the detected optical outputs are compared with the correlation peaks that resulted from the simulation of Section 2. Figure 4 concerns the stored hologram of the IMcoded word 85 ͑1 0 1 0 1 0 1 0͒. It demonstrates the impossibility of making a recognition by using IMcoded words and MF. In Fig. 5 we show the case of the PM-coded word 191 ͑1 1 1 1 1 1 0 1͒. Comparing it with theoretical behavior we notice that the correlation output corresponding to the complementary word 64 ͑0 0 0 0 0 0 1 0͒ is a bit different in relation to the autocorrelation value. This is due to the operation of the SLM, which is not capable of achieving a large phase modulation 0 -.
Subsequently, the storage of 256 holograms corresponding to the whole set of digital PM-coded 8-bit digital words has been performed by using angle and fractal multiplexing to experiment with optical word recognition in real time. We use a X-Y mechanical scanner to move the reference beam horizontally for angle multiplexing 10 and vertically for fractal multiplexing. 11 Four fractal rows are obtained to store 64 holograms on each. The vertical spacing between fractal rows corresponds to a reference rotation of 0.4°; for horizontal spacing between holograms the rotation is 0.032°. Because of the erasure during the recording a special recording schedule has been used. 12 The stored volume holograms are used as a database in optical word recognition. When an input byte comes into the system it is simultaneously corre- lated with all the stored words. In output we obtain 256 focused diffracted beams ͑divided in 64 columns and 4 rows͒, whose intensity is the correlation peak. Figure 6 shows the output plane of the volume holographic correlator detected by a CCD camera. The input signal is constituted by the PM-coded word 191 ͑1 0 1 1 1 1 1 1͒. In the figure the highest peak in relation to the recognized pattern is visible. The spot corresponding to the complementary byte is bright too.
B. Phase-Only Filter Correlator Operating at 1550 nm
To experimentally demonstrate POF recognition performances simulated in Section 2, we obtained a pure phase three-dimensional filter by means of electron beam lithography on a PMMA 5 ϫ 5 mm mask. The POF has been designed to operate on optical signals at 1550 nm, the well-known wavelength of the third spectral window of optical communications. The mask profile is calculated as a complementary part of the optical beam profile when the target word to be recognized is present in the input. This continuous profile ͑approximated by 64 levels͒ with a maximum thickness of 3 m, corresponding to a phase shift of 2 at 1550 nm, is technologically obtained by onestep direct writing. 13 Figure 7 shows the experimental setup implemented for the case IM-POF. The input 8-bit words under test are achieved with an 8-hole mask ͑150 nm in diameter and 500 nm in center-to-center distance͒, lighted by a 1550 nm optical beam coming from a pigtailed laser diode. By means of hole shutters the IM-coded words are obtained.
Recognition of the 8-bit digital IM-coded word 235 ͑1 1 1 0 1 0 1 1͒ has been experimentally performed. In Fig. 8 the measured profile of the achieved PMMA POF, compared with the theoretical one, is shown. Note the high agreement due to the high accuracy and to the continuous profile of the mask. Figure 9 presents the theoretical and measured correlation output intensity values ͑normalized to the autocorrelation intensity͒ for the most critical input words. Differences between theoretical values and obtained measures are probably due to the difficulties of achieving a perfect alignment ͑with wavelength resolution͒ of each element of the correlator. In any case the obtained performances demonstrate the recognition capability of the implemented IM-POF correlator for this chosen word ͑the measured discrimination D is 0.1830 instead of the theoretical 0.1868͒.
Optical Word Recognition by Means of Delay Lines Optical Correlators
To recognize optical communication serial streams of digital data waveguiding solutions such as the wellknown delay lines correlators 14 are straightforward. They cannot attain the spatial Fourier transform of a stream of data, but perform a kind of output correlation by the sum incoherently in intensity of the optical bits composing the input sequence. As many delay lines as the bits number of the word to be recognized ͑the target word͒ are employed. These incoherent correlators cannot optically recognize the intensity modulated words different from the one with every bit equal to 1 ͑8-bit word 255͒. To properly operate they need either intensity normalization, obtainable with differential electronic revelation only, 15 or specifically coded transmission streams 16 ͑for example in code division multiple access applications͒.
A different solution is to coherently sum the optical intensity in the output. In this way, the correlator behaves like a multi-lines interferometer and produces a multilevel output pulse whose intensity is proportional to the correlation degree between the input stream of data under test and the target word.
Relative phase shifts acting on the delay lines enable us to code the interferometer with respect to the target word to be recognized. Figure 10 and Fig. 11 show the delay lines optical correlator scheme in the case of incoherent and coherent operation, respectively. An optical bit sequence at a standard bit rate coming from the usual optical transmission fiber is divided by a 1 ϫ N coupler in N replicas ͑with N the bits number of the target word͒. These replicas are delayed by waveguides with different propagation lengths. Achieving the delay lines length differences equal to multiples of the single bit time slot at the end in each line is present at the same time each bit of the input word. After a suitable delay time, at the N delay lines output the parallel-coded input word is produced. A second N ϫ 1 coupler simply sums the optical output from the lines. In this way an optical multilevel signal is obtained. If the coherence of the input signal is enough and relative phase is maintained during the different delay lines propagations, the output coupler performs a coherent sum. As mentioned above, in standard delay lines optical correlators the "all 1" word always produces in output the maximum sum intensity, also in the case of delay lines' disconnection corresponding to 0 in the target word ͑Fig. 10͒. If a proper phase shift is induced in one delay line, its intensity contribution is optically subtracted from the output signal. By using relative phase shifts in the lines corresponding to the position where the target word presents 0s, it is possible, in several cases, to produce in the output an optical intensity greater than that in the case of the words are recognizable ͑D is greater than zero͒. For this words' subset the discrimination capability results, in the case of coherent correlation:
In the case of the N ϭ 8-bit word, all the discrimination values, in the function of the number M of bits 1, are shown in Table 1 . Hence it is possible to recognize, in the case of 8-bit words, 93 words with re- 
Coherent Delay Lines Optical Correlator Experimentation
The coherent optical correlator proposed in Section 4 has been projected and tested in recognition of 8-bit words at 2.5 Gbit͞s, coded with both IM and PM. A first prototype is visible in Figure 12 . Two 1 ϫ 8 integrated optics couplers were connected with 8 delay lines achieved in standard optical fibers. The 8 fiber lengths were multiple ͑from 0 to 7 times͒ of the single bit time slot delay length ͑⌬L ϭ 82.7 mm͒. Each of the 8 fiber lines was stuck to an extending linear piezoelectric element to induce the phase shift at the delay lines corresponding to the bit 0 in the target word with respect to the reference 0 phase shift related to the other delay lines. The whole device was inserted and fixed in a suitable insulating case achieved in Macor, to guarantee high mechanic and thermal isolation. The piezoelectric elements were controlled by a personal computer with an analog output board. By use of custom software it was possible to maintain constant the 8 relative phase shifts and configure the device to recognize different words.
The device was tested with standard nonreturn-tozero 2.5 Gbit͞s digital telecommunication data. The real-time discrimination results are reported for the IM-coded word ͑1 1 0 0 1 0 1 1͒ ͑Fig. 13͒ and for the PM-coded word ͑1 1 0 0 0 1͒ ͑Fig. 14͒. Registrations of the correlator output both in the case of input isolated words and in the case of an input word inside a pseudo-random bit sequence stream of bits are visible. The asymmetrical and irregular shapes are due to implementation problems of the delay lines and subsequent nonuniform delay times and losses. The discrimination capability difference between experimental and theoretical values are mainly due to the nonideal extinction-ratio of the input signal and to the above-mentioned implementation errors of this first prototype. The experimental results confirm the capability of the proposed device to optically recognize the target word from every other input sequence, both for IM and for PM coding. For real applications the proposed coherent delay lines optical correlator needs a preliminary check to suitably dimension the receiving apparata and, in particular, the optical threshold.
Final Discussion and Conclusions
Concerning the capability to optically recognize optical streams of digital data, we analyzed different correlators and experimented with some prototypes. All the analyzed configurations enable operation in an all-optical way ͑without any opto-electronic and electro-optic conversion͒ and passively in real time ͑recognition happens in a totally asynchronous way without any clock recovery͒. In particular, our analysis and experimentation were related to digital words of 8 bits. In regard to the free-space correlators, volume holography appears very advantageous because it enables performing a matched filter in a very simple way, decreasing setup alignment sensitivity. For IM-coded words, special transmission codes are necessary; otherwise just the word 255 ͑1 1 1 1 1 1 1 1͒ can be discriminated ͑with D ϭ 0.4375͒. For PM-coded words, the half-set of 128 words can be recognized with D ϭ 0.4375. Moreover, thanks to holographic recording multiplexing, the simultaneous recognition of a whole set of words is achievable by exploiting the inherent parallelism of optics. However, it is not possible directly to record holograms at the wavelengths in the near infrared spectrum, this disadvantage can represent a hard impairment to the development of such devices in the field of optical communications.
POF correlators achieved by means of a lithographic mask enable operating at any wavelengths, with many advantages in terms of diffraction efficiency with respect to SLM filters. For IM coding, only some words are recognized and the maximum Fig. 12 . Picture of the coherent delay lines optical correlator prototype ͑optical fiber delay lines are visible͒. For all the free-space correlators a time-to-space conversion is required to translate the temporal sequence of data traveling in the optical fiber into a spatial optical pattern. Such a device can be easily implemented by means of suitable optical delay lines.
Finally, the proposed coherent delay lines correlator demonstrates the discrimination of 93 IM-coded 8-bit words with D greater than 0.234 and the discrimination of the half-set of 128 PM-coded words with D ϭ 0.4375. This correlator does not require time-to-space conversion and is easily reconfigurable with respect to the word to be recognized. Experimentation has been shown at 2.5 Gbit͞s transmission bit rate, but increasing the bit rate to higher standards will simplify and compact the correlator implementation ͑no optical fibers can be used for the delay lines, but an integrated optics version is feasible, for example, in silicon-on-silica technology͒. The proposed correlator based on the coherent sum of the optical intensities in output can become, in real-time optical pattern recognition, a cost-effective choice with respect to electronic solutions in the case of future optical communications applications operating at a higher and higher transmission bit rate ͑higher than 40 Gbit͞s͒. At these operating conditions electronics becomes very expensive and complex, while our passive recognition technique does not require any companion process such as clock recovery.
It is necessary to determine an optical threshold able to process the output correlation intensity for the index of the recognition. The presented recognizers theoretically analyzed and experimentally achieved represent a first effort to implement some basic all-optical recognition operations able to meet the requirements of future real-time information processing.
